Summary. The metabolic and hormonal consequences of long term intravenous insulin replacement were studied in 11 pancreatectomised dogs. Insulin was delivered into the portal circulation of six animals for 164-224 days and into the peripheral circulation of the remainder for 123-365 days. Infusion rates were initially adjusted to achieve normoglycaemia in the fasting (0.37 ± 0.01 mUkg-1 min-I portal; 0.45 ± 0.03 mU kg-I min-I peripheral) and post-prandial states (2.57 ± 0.07 mU kg-I min-I for 7 1 /2h portal; 3.16 ± 0.18mUkg-I min-1 for 7h peripheral). Animals were fed their usual mixed diet and blood samples were drawn from indwelling catheters at regular intervals for 24 h. A matched group of six normal dogs was similarly studied. Significantly less insulin was needed for glycaemic normalisation with portal (1.05 ± 0.03 Ukg-I day-I) compared with peripheral (1.27 ± 0.08 U kg-I day-I) infusions, but post-prandial insulin levels were not normalised. Glucagon levels were normal and unaffected by the route of insulin infusion. Lactate and pyruvate responses were exaggerated post-prandially in the diabetic compared with the normal dogs. Fasting non-esterified fatty acid levels were suppressed with peripheral but normal with portal insulin infusion. There were only minor differences in the branched chain, essential and other non-essential amino acids except for alanine which was significantly above normal in the diabetic animals. Fasting levels of insulin, lactate, pyruvate and non-esterified fatty acids were normalised only with portal infusion while glucose, glucagon, 3-hydroxybutyrate and most amino acids were normalised regardless of the route of infusion. We conclude that the metabolic regulation achieved with portal insulin replacement is closer to normal than that achieved with peripheral infusion.
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Key words: Metabolic response, glucose, insulin, glucagon, lactate, pyruvate, 3-hydroxybutyrate, alanine, non-esterified fatty acids, amino acids, portal, peripheral insulin infusion, diabetes, pancreatectomy Long term (up to 2 years) blood glucose control in experimental diabetes is feasible. Using a portable hormone delivery device, glucose regulation was realised in pancreatectomised dogs for prolonged periods with insulin delivered either into the peripheral [1] or into the portal [2] circulations. To achieve close to normal glycaemic control three simple parameters relating to insulin requirements were programmed. These included a constant basal insulin infusion rate, a meal insulin rate and a time of duration of the meal rate. With the addition of two more parameters to define a second smaller meal insulin pulse, blood glucose control identical to normal was feasible [3] .
Similar open-loop studies but of shorter duration (1-9 weeks) on insulin dependent diabetic patients have been reported with peripheral intravenous [4] [5] [6] [7] and subcutaneous [8] insulin infusions. With peripherally infused insulin, such ideal blood glucose control is achieved only with a concomitant peripheral hyperinsulinaemia achieved either systemically [9] or locally [10] at the site of subcutaneous infusion. The metabolic effects of glucoregulation by these methods have been reported [9, 11, 12] . Since the portal (natural) route is not readily accessible for experimental insulin replacement in man, a series of animal experiments in pancreatectomised dogs was conducted to evaluate this route of insulin replacement as compared with peripheral IV insulin administration. The effects of short term insulin infusions into the portal and peripheral circulations of unanaesthetised normal dogs have been reported [13] .
In the present studies the effects of long term insulin infusion into the portal and peripheral circulations of unrestrained diabetic dogs were explored. To this end, insulin infusion rates were adjusted to maintain fasting and post-prandial normoglycaemia and the resulting metabolic and hormonal responses were repeatedly measured.
Materials and Methods

Animals
Six healthy male beagle dogs weighing 14.0 ± 0.8 kg were used as normal controls, and 11 similar animals were totally pancreatectomised. The peripherally infused diabetic group (n = 5) weighed 13.0 ± 0.4 kg during the long term infusions which lasted 4-12 months, while the portally infused group (n = 7, one dog was sequentially in both groups), weighed 13.5 ± 0.5 kg during the infusions which lasted 6-8 months. A fixed amount of food was given each morning. The results reported are only from dogs which ate all the food within 5 min of its presentation. The meal consisted of a mixture of two dog foods which included 360 g of soft meal (Meat Mix, Derby Pet Foods, Toronto, Ontario) and 260 g of dry chow (Master Premium Dinner, Maple Leaf Mills, Toronto, Ontario). The constant meal was approximately distributed as 33% protein, 30% fat, and 37% carbohydrate, the calculated total caloric content being about 1,300 kcal/day. Besides the above described standard diet, 14 capsules of digestive enzymes (Cotazym, Organon, Montreal, Quebec) were mixed with the meals of pancreatectomised dogs to compensate for their surgically induced pancreatic exocrine insufficiency. The diabetic dogs had normal stools and maintained their weight. Several animals have been maintained on porcine insulin preparations for over three years without the development of anti-insulin antibodies insofar as this would be reflected as changes in immunoreactive non-specific insulin binding in the assay method used. All dogs were confined to their cages and were allowed access to water ad libitum.
In diabetic dogs, fasting plasma glucose concentrations were measured five days a week and based on these measurements the basal insulin infusion rates were initially adjusted individually to achieve normoglycaemia in the morning. Once stabilised, insulin requirements were constant for both routes but differed in amount as detailed below.
Portable Insulin Delivery System
The portable insulin delivery device consisted of a miniature peristaltic pump, a polyvinyl chloride insulin reservoir and a batterypower-pack which included a flow-rate controller, all the details of which have been published elsewhere [14, 15] . The flow-rate controller [15] regulated by means of digital switch settings both the rate and the duration of a single square-wave pulse of insulin infusion as well as the rate of the chosen basal insulin infusion. The controller operated the pump every 90 s. Thus, insulin was infused in pulses of constant rate (approximately 80 [.II/min) the duration of which varied according to the switch settings chosen for the basal or meal rates. Preprogrammed meal insulin infusion was initiated by activating a magnetic reed switch with an external permanent magnet within 5 min after the presentation of the meal. Following the termination of this meal insulin infusion the flowrate controller automatically returned to the pre-set basal rate. With these parameters the required basal rate was achieved with pulses that lasted 4-5 s. This unphysiological method of insulin delivery conserved battery power because the motor ran intermittently. Reservoirs were emptied and refilled to capacity every three days with fresh porcine crystalline zinc insulin (Connaught Laboratories, Toronto, Ontario) diluted to a final concentration of 1240U/I of insulin in 0.154 mol/I saline adjusted to pH 7.4. This frequent replacement of the insulin solution was necessitated because the hormone aggregated after 3-4 days. At this concentration of insulin, a negligible amount adhered to the reservoir and catheters.
Catheterisation
An indwelling silastic catheter was inserted into an external jugular vein of each normal and diabetic dog. Similarly a chronic indwelling catheter for insulin infusion was inserted directly into the portal vein of each diabetic dog at the time of pancreatectomy and into the inferior vena cava via the deep circumflex iliac vein, access to the latter being from a superficial branch of the same vein. The tip of the catheter was placed 3--4 cm distal to the porta hepatis so that insulin was delivered into the liver as uniformly as possible. All catheters were tunnelled beneath the skin to outlet sites on the back and entered the pockets of vest-like jackets which the dogs wore. Several dogs were able to remove the jackets and gained access to the catheters. Where this occurred repeatedly a loose collar was fitted. The techniques for continuous vascular access have been detailed previously [16] .
Blood Sampling
Blood samples were taken via the indwelling sampling catheters in the diabetic dogs hourly starting at -1 and ending at 13 h with one final sample at 23 h for subsequent plasma glucose and insulin (IRI) determination. Samples were drawn at -1,0, 1,3,6,10,13 and 23 h for the subsequent assay of glucagon (IRG), lactate, pyruvate, alanine, 3-hydroxybutyrate (3-0HB) and non-esterified fatty acid (NEFA) levels. Samples were drawn at 0, 1, 3, 6 and 10 h for the subsequent estimation of the following 14 amino acids: arginine, leucine, glycine, threonine, valine, lysine, serine, isoleucine, phenylalanine, histidine, ornithine, tyrosine, taurine and citrulline. In the normal dogs, similar blood sampling was done, but as previously detailed [17] . Total volume of blood drawn over 24 h was 60 m!. Blood withdrawn to clear dead space of catheters was reinjected.
Blood samples were drawn at the times specified above, and immediately transferred (a) into 1.5 ml centrifuge tubes kept on ice and containing 0.03 ml of heparin 1000 U/ml, for glucose and IRI determinations; (b) into similar tubes containing aprotinin (Trasylol, 10,000 KIU/ml, FBA Pharmaceuticals, Ltd., Pte. Claire, Quebec) in a volume equal to 1/10 that of the blood (with 24 mg EDTA/ml double distilled water), for IRG and NEFA determinations; and, (c) into chilled tubes containing perchloric acid (10 gl100 m!) in a volume equal to that of the blood, for lactate, pyruvate and amino acid assays. Samples were centrifuged with minimal delay, the supernatants separated and frozen at -20°C until subsequent assay.
Analytical Methods
Y. Goriya et al.: Metabolic Consequences of Portal and Peripheral Insulin Infusions
Glucose was determined using a glucose analyser (Beckman Instruments Inc., Fullerton, California). Plasma insulin (IRI) was assayed using an anti-pork insulin anti-serum (supplied by Dr. Peter Wright), purified pork insulin standard (25.7 U/mg, 125I-label_ led pork insulin, Novo Research Institute, Copenhagen, Denmark) and a dextran-coated charcoal separation of free from bound hormone. Plasma IRG was determined on unextracted plasma with anti-serum 30 K (obtained from Dr. R. H. Unger, Dallas, Texas), purified pork glucagon standard and l25I-labelled pork glucagon (Novo Research Institute, Copenhagen, Denmark), and the same dextran-coated charcoal separation technique. Lactate, pyruvate, and alanine were analysed by microfluorometric adaptations of standard enzymic methods, as previously detailed [18] employing an Aminco microphotometer (American Instrument Company, Division of Travenol Laboratories, Silver Springs, Maryland). Plasma NEFA levels were estimated by a radio-chemical microtechnique [19] .
Whole blood amino acids were assayed in the perchloric acid supernatants on an amino acid analyser (Type 121 M, Beckman Instruments Inc., Palo Alto, California), using the manufacturer's protocol for elution of acidic, neutral and basic amino acids on a single column. Aspartate elutes with glutathione and therefore is not reported. Glutamine and glutamate are not accurately determined because of both storage and analytical conditions and similarly are not reported.
Standard statistical methods were employed using the unpaired Student '1' test to compare groups. Repeated studies on the same animal were simply averaged to provide a single but better estimate of the response of that animal. For each group, the results were given as the mean of these estimates while the SEM was calculated on the basis of the number of different dogs (n).
Protocols
Meal responses in five diabetic dogs given peripheral insulin infusions: Glycaemia was controlled as previously detailed [1] . Each dog was studied repeatedly two to three times on widely separated occasions for a total of 13 trials 156 ± 27 days (range 63-274 days) after the start of the peripheral infusion which lasted 210 ± 60 days (range 123-365 days). Near optimal glycaemic control was achieved repeatedly over the entire duration of these studies, notwithstanding technical difficulties with catheters, pumps and insulin aggregation.
Meal responses in seven diabetic dogs given portal insulin infusions:
Glycaemia was stabilised as previously detailed [2] . Some dogs were repeatedly studied but on widely separated occasions for a total of 12 trials 61 ± 14 days (range 19-149 days) after the start of the portal infusion which lasted for 210 ± 11 days (range 164-224 days). One dog participated in both peripheral and portal infusion protocols.
Meal responses in normal dogs:
The standardised diet was given to the six normal dogs at time 0 (approximately 0900 h) and blood samples were drawn as defined previously [17] . Normal dogs were studied only once before pancreatectomy.
Results
Peripheral insulin requirements were 0.45 ± 0.03 mU kg-l minl in the fasting period and 3.16 ± 0.18 mU kg-i minl during the 7 h post-prandial infusion period. Portal insulin infusion rates were 0.37 ±
IRG
[pg/mlJ 0.01 mU kg-i min-1 in the fasting state and 2.57 ± 0.07 mUkg-i min-i during the 7 1 /2 h post-prandial period. A total of 1.05 ± 0.03 U kg-1 day-i was delivered portally, significantly less (p < 0.05) than was required peripherally (1.27 ± 0.08 Ukg-i day-i) for glycaemic normalisation.
Plasma Glucose (Fig. 1) The glycaemic response was generally similar to the normal controls in both diabetic groups showing no significant excursion in plasma glucose with meal ingestion. With peripheral insulin infusion glycaemia was slightly higher throughout, although the differences were significant only at 23 h. A small excursion in glycaemia which was not seen in the normals occurred between 8-10 h in both diabetic groups following the termination of the meal insulin pulse.
the post-absortive state (0, 23 h) and was markedly elevated from 0-7 h post-prandially. With portal insulin infusion, IRI concentrations were normalised in the post-absorptive state and although still significantly elevated above normal post-prandially, the concentrations observed were only half those seen with the peripheral insulin infusions. Plasma IRI levels were significantly lower than normal for the portally infused group from 9-11 h. Plasma IRG concentrations were normal or slightly higher than normal during peripheral insulin infusion but these differences were not significant. With peripheral insulin infusion, IRG was significantly above that seen with portal infusion at°and 13 h. Blood Lactate, Pyruvate and Alanine (Fig. 2) Blood lactate and pyruvate levels tended to be in the normal fasting ranges but were elevated above normal post-prandially in the portally infused group. While lactate levels were elevated above normal in the peripherally infused group, pyruvate levels were in the normal range at all times. A significant twofold increase in alanine for both diabetic groups was present both in the post-absorptive and during the entire post-prandial periods.
. 92 0 2 4 ... . No significant differences in blood 3-hydroxybutyrate concentrations were present. The plasma NEFA levels showed changes very similar to the normals decreasing post-prandially. With peripheral insulin infusion, significantly lower NEFA levels were present at 0,6, and 23 h while with portal insulin infusion NEFA was lower at 1, 3 and 6 h and higher at 13 h.
3-0HB
[ Plasma Insulin and Glucagon (Fig. 1) The plasma IRI concentrations were significantly different from normal in both diabetic groups. With peripheral infusion, insulin was slightly elevated in Amino Acids (Table 1) The concentrations of seven amino acids in the postabsorptive state and their post-prandial levels are shown for peripheral and portal insulin infusion. The branched chain amino acids (leucine, isoleucine, and valine) showed profiles similar to those in normal dogs although several values were significantly higher. A similar response was seen for the essential amino acids, threonine and lysine. However, no significant differences in amino acids were apparent between peripheral or portal insulin infusions except at 3 h after the meal when valine levels were significantly elevated with the peripheral compared to portal infusions. The responses of the non-essential amino acids, arginine, glycine, serine, ornithine, tyrosine, citrulline, as well as taurine, were not remarkable (data not presented). However, the fasting levels of histidine and phenylalanine were higher in the peripherally infused compared with the portally infused group (Table 1) .
Discussion
This study compared the metabolic and hormonal differences in diabetic dogs maintained in a normoglycaemic state by portal or peripheral insulin infusions. With peripheral insulin infusions hyperinsulinaemia was evident, mild in the post-absorptive and marked during the post-prandial states. However, the portal infusion of insulin resulted in a normalisation of post-absorptive insulinaemia and a significant reduction in the post-prandial hyperinsulinaemia. It is not at all clear why these animals required less insulin for glycaemic control when the hormone was infused portally, unless hepatic extraction of insulin was abnormally reduced. Perhaps the pulsatile nature of the insulin infusion waveform presented to the liver affects the extraction rate of insulin which is known to be approximately 50% of incoming insulin under steady state conditions [20] . Except for the recurrent task of changing insulin solutions in the reservoirs every three days the application of these systems to the animals was remarkably straightforward. None of the dogs became ill. Their weight was maintained and on the whole they ignored the apparatus on their backs. The long duration of each study was thus easy to accomplish. Hypoglycaemia was not encountered when appropriate infusion rates were established unless the animals failed to eat. The strategy of feeding first and then activating the meal insulin pulse ensured that hypoglycaemia was not produced. Fortunately, the good appetite of these animals resulted in the complete consumption of the meal within 5 min of its presentation. There appears to be no reason why such studies could not be continued indefinitely on this animal model. The methods for venous access both for blood sampling and insulin infusion [16] are robust and reliable. Ascending infections occurred infrequently and almost always resolved without intervention, as previously detailed [16] .
Glucagon levels showed no major differences when insulin was given by either route. Despite improved insulin profiles the lactate, pyruvate and alanine responses were exaggerated post-prandially. It is particularly noteworthy that the twofold increase in alanine seen with peripheral insulin infusions was entirely unaltered when the portal route was used. The pathophysiology leading to the increased alanine levels in the diabetic dogs remains unclear. Unfortunately the data from this study do not indicate whether the elevated alanine levels reflected abnormal hepatic uptake or excessive peripheral production. We suspect that the pulsatile nature of the insulin infusion may account for the observed hyperalaninaemia with portal insulin replacement. Further studies with a continuous insulin infusion are underway to explore this interesting observation. Unexpectedly, the branched chain amino acids whose concentrations are known to be influenced by insulin levels in a reciprocal manner were in fact similar in both diabetic groups.
In the fasting state and from 10 h after the meal, the higher insulinaemia (approximately + 4 !lU/ml) with peripheral infusion as compared to portal infusion was probably responsible for the significantly lowered NEFA levels. When meal insulin was infused initially, the animals receiving portal insulin had lower NEFA levels but toward the end of the meal infusion similar NEFA levels were observed indicating that maximum inhibition of lipolysis was present in both groups. Similar effects on NEFA in insulin infused dogs have been reported by others [13] . The comparison between the metabolic profiles in these two groups of diabetic animals brings out certain other significant differences. Thus with peripheral infusions of insulin hyperinsulinaemia prevails in the presence of euglycaemia while NEFA levels are suppressed. The long term consequences of such hyperinsulinaemia with its subsequent effects on lipolysis, insulin receptors and fuel fluxes remain unknown, but may be important in the development of such diabetic complications as basement membrane changes and blood vessel disease.
These studies have demonstrated that glucagon from extrapancreatic sources responds normally to meal related secretagogues. Gut glucagon in this species is similar to pancreatic glucagon [21, 22] and the fasting levels correlate closely with the fasting levels of phenylalanine, alanine, and histidine in the diabetic groups. These amino acids are known stimulators of glucagon secretion in the intact dog [23, 24] .
During the post-prandial period, the insulin excursion was some twofold greater in the peripherally infused group but this resulted in an approximately threefold smaller excursion in NEFA compared to portally infused dogs. These opposed differences reflect the overall suppression of lipolysis in the peripheral group. The post-prandial excursions in glucagon were not different and probably reflect the similar excursions in phenylalanine, alanine, and histidine observed.
These studies were conducted at various times at least 19 and up to 224 days after the start of insulin replacement by a given route. They therefore represent stable conditions which should accurately reflect the effects of the route used. Whether the subtle differences observed in the post-absorptive conditions or in the post-prandial excursions will have long term consequences remains to be established [25] . We conclude that the metabolic regulation achieved with portal insulin infusion is closer to normal than that achieved under similar circumstances with peripheral infusion in the totally insulin deficient dog. Such studies cannot be performed with currently available techniques in man. Though the dog shows the differences in post-prandial metabolic responses demonstrated by this and previous studies [17] , notably the constant glycaemia and prolonged absorption of nutrients, it appears reasonable to assume that analogous differences between portal and peripheral insulin replacement will also occur in man. Thus, even the most sophisticated techniques of peripheral insulin delivery, whether intravenous or otherwise, will probably be associated with failure to normalise totally post-prandial fuel fluxes. This is most likely due to the necessity to perfuse the liver at portal venous insulin concentrations to achieve normal glycaemic responses. The resulting peripheral hyperinsulinaemia will have unavoidable consequences on other fuels as well as glucose. Whether these "new" abnormalities are less dangerous than the consequences of inadequate metabolic control by conventional insulin treatment remains to be established.
